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Abstract—Flip-chip circuits with organic substrate are
widely used in modern microelectronic packaging due to their
high-density interconnections and low-cost advantages.
However, the hygroscopic properties of the polymer materials
used in package process lead to interfacial delamination and
electrochemical corrosion in humid environments, severely
limiting their reliability under high-temperature and high-
humidity conditions. To enhance the reliability of flip-chip
circuits with organic substrate in humid environment, this study
employed two methods—nano-coated and Parylene-coated—to
shield the circuits. Moisture barrier effectiveness was
comprehensively assessed through moisture absorption weight
gain tests, heavy water tracing combined with Time-of-flight
Secondary Ion Mass Spectrometry (ToF-SIMS) analysis, and
Moisture Sensitivity Level 1 (MSL 1) preconditioning (reflow
soldering with 260°C peak temperature). Both protective layers
significantly inhibit moisture penetration, with saturated
moisture absorption rates of 0.207% for the nano-coated sample,
0.224% for the Parylene-coated sample and 0.256% for the
unprotected sample. The protective layers did not alter the
diffusion pathway but effectively prolonged the permeation
process. Heavy water tracing revealed a one-order-of-
magnitude reduction in D" intensity at the interfaces of both
protected samples, with the nano-coated showing slight
superiority over Parylene due to its molecular-level
hydrophobic structure. After the MSL 1 preconditioning, both
barrier layer prevented the formation of microcracks at the
interface between the chip edge and the underfill. The underfill
itself did not crack, and the adhesion between the underfill and
both the solder mask and the polyimide (PI) remained intact.
Barrier layers enhance moisture resistance through distinct
mechanisms: nanoparticle coatings rely on nanoporous barrier
effects and surface hydrophobicity, while Parylene leverages its
conformal and pin-hole free coating. These findings provide
reference and experimental data support for the
characterization and optimization of moisture barrier
technology for flip-chip circuits with organic substrate.

Keywords—moisture barrier, nano-coated, parylene-coated,
flip-chip circuit with organic substrate

I. INTRODUCTION

As microelectronic packaging technology advances
toward higher density, flip chip technology has become a key
choice for advanced packaging due to its superior electrical
performance and interconnect density. Simultaneously, to
meet demands for small size, and lightweight development,
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organic substrate is gradually replacing traditional ceramic
substrate in high reliability application areas. However, the
hygroscopic nature of underfill materials, core layer materials,
and build-up layer materials used in flip-chip circuits on
organic substrates poses significant challenges for
applications in humid environments[1-2]. The impact of
moisture on flip-chip circuits with organic substrate manifests
primarily through physical damage and chemical corrosion.
Physical damage is mainly caused by interfacial delamination
and crack formation induced by moisture-heat stress and
vapor pressure. When the underfill absorbs moisture, high
temperatures during reflow soldering rapidly vaporize the
moisture, generating vapor pressure. This pressure
concentrates at material interfaces. When it exceeds the
interfacial bonding strength, cracks initiate and propagate
between the chip and underfill. Chemical corrosion primarily
stems from electrochemical reactions triggered by moisture
penetration into circuitry. When ambient humidity permeates
through organic substrate materials or interfacial defects into
internal circuits, it ionizes under powered operating conditions
to produce hydroxide ions. These reactive ions undergo
electrochemical reactions with microbumps, redistribution
layers, and internal chip metal interconnects, forming
corrosion products like metal hydroxides, thus compromising
the long-term reliability of flip-chip circuits on organic
substrates.

In the field of moisture barrier technology, researchers
have developed various protective technologies, primarily
categorized into material modification, structural optimization,
and surface coating. Among these, surface coating technology
has emerged as a research hotspot due to its simplicity of
implementation and significant effectiveness. Parylene films
are typically prepared using vacuum vapor deposition
methods and exhibit extremely low moisture transmission
rates and outstanding barrier properties. The coating process
involves the deposition and polymerization of active di-free
radical small molecules on the surface of circuit components.
These gaseous small molecules can permeate into any minute
gap on the substrate, forming a uniform protective film free of
pinholes[3-5]. Nano-coating technology represents another
advanced protective approach. Through specialized synthesis
and application processes of nanomaterials, it forms a
molecular-level protective layer on circuit surfaces. While
most studies have focused on other fields, high-reliability flip-
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chip circuit with organic substrate now also face the need for
moisture barrier.

This study employs two advanced protective processes:
nano-coating and Parylene-coating. Nano-coating provides
barrier through molecular-level hydrophobic shielding, while
Parylene-coating forms a dense barrier film via chemical
vapor deposition. To systematically evaluate protective
efficacy, three validation methods were employed: Moisture
absorption weight gain tests quantitatively analyzed vapor
barrier performance; Heavy water tracer tests visually
revealed moisture diffusion rate by scanning D ion
concentration distribution at the substrate-underfill interface.
MSL 1 preconditioning combined with three 260°C reflow
soldering tests examined interfacial delamination and
cracking; This study aims to provide an effective moisture
barrier solution for flip-chip circuits with organic substrate.
Through systematic experimental design and multi-
perspective evaluation methods, it offers theoretical basis and
practical guidance for the long-term stable operation of high-
reliability electronic equipment in harsh environments.

II. EXPERIMENT

A. Materials and Equipment

The subject of this study is flip-chip circuits with organic
substrates. The chip dimensions were 15mmx19mm, and the
substrate dimensions were 42mmx42mm. The protective
materials used in the experiment include nano-coated material
primarily composed of fluoropolymer with 10% solid content,
dissolved in organic solvent and Parylene material with 99.9%
purity. Experimental equipment consist of a precision
electronic balance, a constant temperature and humidity
chamber, a reflow soldering oven, a secondary ion mass
spectrometer, and a scanning electron microscope.

B. Sample Preparation

According to the IPC/JEDEC J-STD-033 Joint Industry
Standard, all experimental samples were baked at 125°C for
24h to remove residual internal moisture. Then they were
randomly divided into three groups: the unprotected group,
the nano-coated group, and the Parylene-coated group. The
nano-coated group employed a dip-and-brush process: circuits
were immersed in the nano-coating solution for 3 seconds,
followed by 12h of curing at room temperature. The thickness
of the nano-coating is relatively thin, and the morphology is
not very obvious under SEM observation as shown in Fig. 1.
The Parylene group employed a vacuum chemical vapor
deposition process to deposit a uniform film approximately
13um thick onto the circuit surface. Fig. 2 clearly shows a
dense parylene film on the sample surface. Subsequent
experimental procedures described in this study were
performed within 72h after the sample preparation was

Fig. 1. SEM morphology of the nano-coating (a) Left side (b) Right side.

Fig. 2. SEM morphology of the Parylene-coating (a) Left side (b) Right side.

C. Trial Protocol

Moisture Absorption Test: Place three sets of samples in a
constant temperature and humidity chamber at 85°C/85% RH.
Measure mass changes using a precision electronic balance.
The moisture absorption test schedule is set as follows:
Weighing occurs at Oh, 1h, 2h, 4h, 6h, 8h, 10h, and 12h during
the initial 12h. Weighing occurs every 12h between 12h and
204h. After 204h, weighing occurs every 24h until moisture
absorption reaches saturation.

D,O Isotope Tracing Test: Three sets of samples were
placed in an 85°C/85% RH environment filled entirely with
DO for 1 h. After removing the sample from the test chamber,
grind the substrate flat from the rear side until the substrate-
underfill interface is exposed, as shown in Figure 4. ToF-
SIMS was employed to analyze at the interface, measuring the
distribution of H and D ion concentration over a scan area of
500umx8000um. Tof-SIMS detects all H and D ion present in
the sample, encompassing both H and D ion from the sample's
constituent molecules and D ion diffused into the sample
during the one-hour HAST test. In nature the D-to-H (D/H)
ratio is about 1.55 x 10 [6]. To isolate the influence of bumps
on the scanning of D ion signals, this set of experiments
required the use of bump-reduced packaging samples. Only
50 bumps were manually placed at the four corners and the
center of the chip, while all other packaging processes
remained consistent.

Fig. 4. Cross section of the scan area.

MSL 1 preconditioning and Reflow Soldering Test: In
accordance with JEDEC J-STD-020 standards, three sample
groups underwent MSL 1 preconditioning (85°C/85%RH,
168 h). Within 4h after moisture absorption completion, three
reflow soldering cycles were performed at a peak temperature
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of 260°C (£5°C). The daisy-chain circuit was first tested for
continuity using a multimeter. After removing the heat sink,
scanning acoustic microscopy (SAM) was employed to
inspect voids and delamination of the underfill. The substrate
was ground to reduce thickness and then ultrasonically cut.
SEM analysis was conducted to observe underfill cracking
and the adhesion between the underfill and the substrate's
solder mask layer.

ITII. RESULTS AND DISCUSSION

A. Moisture Absorption and Weight Gain Test Results

Fig. 5 displays the moisture absorption curves of the three
samples over 420h. During the initial moisture diffusion phase
(0-20h), the moisture absorption curves of the three samples
exhibited similar trend with relatively rapid weight gain rate,
showing no significant difference. This phenomenon indicates
that during this stage, water molecules primarily penetrated
through physical adsorption on the material surface and
interfacial defects, with the protective layer not yet fully
exerting its barrier function. As diffusion time extended (20—
420h), the moisture absorption behavior of the three samples
began to diverge markedly. The weight gain rate of the nano-
coated sample decreased significantly, with a saturated
moisture absorption rate of 0.207%, substantially lower than
the other two groups. The unprotected sample exhibited the
highest moisture absorption weight gain, reaching a saturated
moisture absorption rate of 0.256%. The Parylene-coated
sample achieved a saturated moisture absorption rate of
0.224%, positioned between the other two.

Diffusion kinetics analysis indicates that the initial rapid
weight gain phase corresponds to physical adsorption and
interfacial permeation processes, where moisture accumulates
in micropores or nanopores, free volume, and at interfaces.
The intermediate linear growth phase reflects volume
diffusion-controlled mechanisms, while the subsequent slow
weight gain phase indicates that moisture can still be absorbed
through water-polymer affinity. This occurs due to the
presence of hydrogen bonding sites along polymer chains and
interfaces. Notably, even after 420h of testing, no significant
moisture saturation plateau was observed in any sample,
suggesting that moisture diffusion within the material is a
continuous, slow process.

Microstructural analysis reveals that the superior
performance of the nano-coating stems from its unique
microstructural characteristics. In contrast, Parylene films
exhibit a continuous, dense film structure that effectively
blocks moisture diffusion pathways.
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Fig. 5. Moisture Weight Gain Curve.

B. DO Isotope Tracing Test Results

Fig. 6 shows the D ion intensity at the substrate-underfill
interface for unprotected samples after 1h of heavy water
treatment at 85°C/85% RH. The average intensity is observed
to be 0.1[7]. Fig. 7 displays the D ion intensity at the substrate
-underfill interface for the nano-coated and the Parylene-
coated samples. The average intensity values for both are
relatively close, approximately 0.013, significantly lower than
that of the unprotected sample. This indicates that both
protective methods effectively block moisture diffusion into
the circuit interior. The average intensity of D ion measured
in the sample not treated with D,O was determined in our
other paper[7]. However, due to the minimal D ion diffusion
into the protected samples in a relatively short period of
time(only 1h), background noise in the intensity map persists,
making it difficult to definitively compare their protective
efficacy. Table 1 shows the H/D ion ratio within the scanned
range, which is 6830 for the untreated sample. Three samples
were taken for each type, and the test data represent the
average values. This data indicates a lower D ion proportion
in the nano-coated sample, suggesting that the nano-coating
provides slightly superior barrier effectiveness.

TABLE 1. H/D ION RATIO
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Fig. 6. D ion intensity profile of the unprotected sample at the substrate-
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C. MSL 1 preconditioning and Reflow Soldering Test
Results

Non-preconditioned samples were selected as the baseline
comparison group for this study. SAM images revealed
uniform bright contrast in the underfill regions of all
unassessed samples, indicating continuous ultrasonic wave
propagation at material interfaces. Fig. 8 shows SEM images
demonstrating tight bonding between the chip edge and
underfill interface. The underfill completely filled the gap
between the chip and substrate, establishing excellent contact.
The underfill bonded well with the substrate's solder mask
layer and the PI, showing no signs of delamination.
Comprehensive inspection using SAT and SEM revealed
outstanding interface integrity in this sample group, providing
a benchmark reference for subsequent protective performance
evaluation.

Fig. 8. SEM morphology image of the non-preconditioned sample. (a) Left
side of the chip (b) Right side of the chip (c) Interface between underfill and
solder mask layer, underfill and PI.

Unprotected and tested samples underwent daisy-chain
electrical continuity testing, revealing that all samples
maintained qualified electrical connections. SAT results at the
underfill adhesive interface appeared normal. The sample was
cut using ultrasonic waves at the position shown in Fig. 9.
Subsequent sample dissection revealed no failure at the solder
joints. However, SEM examination showed continuous
delamination at the interface between the chip edge and the
underfill. The upper width of the left crack was 1.79um,
increasing to 2.01um at the lower section. The upper width of
the right crack was 1.54pum, increasing to 1.95um at the lower
section, exhibiting a distinct gradient pattern. Crucially,

cracking was observed within the core material of the underfill.

This indicates material degradation occurred under the
combined effects of hygrothermal stress.

Fig. 9. SAT images of the unprotected sample and the cutting location.

Fig. 10. SEM morphology image of the solder bump.

Fig. 11. SEM morphology image of the unprotected sample. (a) Left side of
the chip (b) Right side of the chip (c¢) The underfill area.

The nano-coated sample and Parylene sample after
evaluation showed no delamination at the interface between
the chip edge and the underfill. The underfill itself maintained
structural integrity without cracking, and no separation
occurred at the bonding interfaces with the solder mask layer
or PI. This indicates that both the nano-coating and Parylene-
coating effectively blocked moisture penetration. During the
high-temperature reflow soldering phase, the protective layers
significantly reduced the moisture absorption of the underfill.
Consequently, the internal vapor pressure generated by water
vaporization was suppressed, preventing cracking of the
underfill and interfacial delamination caused by pressure
buildup. Nevertheless, it should be noted that while the
protective layer primarily functions to block moisture, its
ability to mitigate thermal stress caused by CTE mismatch
between the chip and underfill is limited. If thermal stress
exceeds the interfacial bond strength, localized damage may
still occur; however, this did not constitute the dominant
failure mode under the stress conditions of this experiment.
These results underscore the critical role of moisture
protection in maintaining the structural integrity of flip-chip
circuits with organic substrate under high-temperature and
high-humidity environment. They also provide experimental
basis for subsequent composite material designs that balance
moisture barrier with stress matching.

Fig. 12. SEM morphology image of the nano-coated sample. (a) Left side of
the chip (b) Right side of the chip(c) Interface between underfill and solder
mask layer, underfill and PI.
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Fig. 13. SEM morphology image of the Parylene-coated sample. (a) Left side
of the chip (b) Right side of the chip (c) Interface between underfill and
solder mask layer, underfill and PI.

IV. CONCLUSION

This study systematically compared the effectiveness of
the nano-coated and Parylene-coated technologies for
moisture barrier in flip-chip circuits on organic substrates.
Comprehensive evaluations of protective performance were
conducted through moisture absorption weight gain tests,
heavy water tracing, and MSL 1 preconditioning combined
with reflow soldering tests. Key findings include:

(1) Moisture absorption test revealed that the nano-coated
sample exhibited optimal moisture resistance, with a saturated
moisture absorption rate of only 0.207%. This was
significantly lower than the Parylene-coated sample (0.224%)
and unprotected samples (0.256%). The moisture uptake
kinetics of all three samples exhibited a rapid initial moisture
ingress rate followed by gradual deceleration. The protective
treatment did not alter the fundamental diffusion mechanism
of moisture within the material but effectively enhanced the
barrier effect.

(2) D,O isotope tracing test results showed that both the
nano-coating and Parylene-coating significantly suppressed D
ion permeation, with an average signal intensity of
approximately 0.013—one order of magnitude lower than the
unprotected sample (0.1). Based on the hydrogen/deuterium
ratio, the nanocoated sample exhibited a lower proportion of
D ion, indicating slightly superior protective performance
compared to the Parylene-coating.

(3) After MSL Level 1 preconditioning and three 260°C
reflow soldering cycles, the unprotected sample exhibited
delamination at the substrate-underfill interface and cracking
within the underfill. Both protected samples show no
microcracks at the interface, no cracking occurred within the
underfill and no separation occurred at the interfaces with the
solder mask layer or PI. Results indicate that protective
treatment effectively blocks moisture ingress and inhibits
material hydrolysis.

In summary, the nano-coating demonstrated slightly
superior overall moisture resistance and impermeability
compared to the Parylene-coating, particularly exhibiting
better interface integrity maintenance in environments with
coupled high humidity and thermal loading. This study
provides experimental evidence and theoretical support for the
protective design of high-density plastic-encapsulated flip-
chip circuits in humid-heat environments.
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